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lN’J’Jtol)IICrJ’ION”

)Iigh lc.inpclaluIc. alq)lications of’ t)cta’’-;~lllllill;t;t solid dctIIoly[c.s  (lIASl i),

ildwlinp, alkali mrlal tl~c.ll~lal-t~)c.lcc.llic  colwc.tic.ls (A? WI’l L(k) lcq(lilc 10IIF, (cm

stnbility of llASli to liquid 01 IIi{’11 ~McssuIc. va~x~; alknli lIIctfil olI onc side. atid

low prcsswc vnpm of tlm alkali IIIMII on tllc o(hcI. I 1-S ] ‘1’liis sludy adcilcsscs

tlm issm of solid dcxtlolytc. stability to low })I(ssuIc alkali lIIdfil valm ovcI

p e r i o d s  of  Scvcl”al IIun(ll”cds of IIoul”s. ‘1’hc. dcctmlc  n~atoifils usd in t h i s

invcslip,ation  l]avchcm c.lm]adoiz. cd ~ncviously. [ 68 ] ‘JIIc. slability of llASlt

10 liquid alkali metal has bmm a&lIcsscxl in ~)l(xious  wmk fl~)lll this slid otlm

lalxuatcnics,  and tllccol~(l~lctivitic.s of Na-}lASl:atd  K-llASli ia cells with two

licluid alkali  IilCtal clcctlodc.s havebcm dctcrmilicd in intclmicdidlc tmljwfdturc

ran:,cs. [ 9-12 ]

Mnny stdics of the. condllctivity of sodium p’” alumi!m solid c.lcdmlytc (Na-

lIAS}i) c.mamic  h a v e  bcc.JI  C.allid  out but fcw }mvc C.lmlactcrimil tlm

c o n d u c t i v i t y  a b o v e  800” K; ir] a d d i t i o n ,  thclc  hits hcclI II() illvcstig,ation of ttlc

time dc~w.ndcnc.c of its conductivity at 10(K)-]?(K) K. [ 13-16 ] ‘l-hc g,c.nmally

acc.cpkxl cxmiuctivity a t  Ilip,h tc.m~w.ldturc J!tis obtaild by Wclm usinu,

c.lccIIodc.s  sclvillf,  a s  Na-l sou Iccs or sinks, aIld by (MC, Wcbc.l,  and IIullt

[isinf,  p r o m s  M() c]cctlodcs  in a Na~/al~on atlmsphcrc.. I 1~-lS ]  “J’lIe. lattm

mcmummc.nts  were oblaincxl within one day of initial lmtinp,, with no

I{ ASIXiV1.  P,W2,  RMW, AK, h4A1/ 1



s u b s t a n t i a l  chan:,c.  in the condudivity  dulinp, this time.

] ’ r e p a r a t i o n  of l]ig,h q u a l i t y  potassillm  p“-aluwiil]a  so]i(i clccIIoly[c (K-lIASli)

cuamic  has h a d  limitd  s u c c e s s ,  find only ;t fcw invcstif,alions of the

conductivity of rcasonabl y phase-pum ccmmic. lmve. bcxm rc.pmtui. [ 11,17,18

] Single crystal potassium p“-alumina shows hi~,h cxmdudivit y hctwcm 298K

and 8(K)K. [ 19-21 ] K-IIASI 1 cmalnic is a ~,ood  hi~h tcl~i]x.rtit~ilc..  ionic  COIKINCIOI

but i s  o n l y  modcratc]y  c o n d u c t i v e  IICaI 1001)1  tcmpc.rmllc.  [ 11,17 ] Its

cxmluctivily  may bc advcr.sdy affmld  by milm collslitucmt$  sucl) a s  p o t a s s i u m

P-alumina,  which iskmnvn totwa rathu poor ic)llicc{~ll(lllc(c)l.  [ 11, 17, 22--

24]

The results of this work provide. supporting c.vi(lcl~ct.  fol tlw. stability c~f the two

stabilizcxl alkali beta’’-almnina phasm at well  clcfined  alkali ]nc.tfil  activity an(i

tmpmturc, althm:,ll thclmodynamic  stdbility cannot bc povcxi by a  k i n e t i c

s t u d y .  l’olassium l~c.ta’’-al[]l]iJ]a]a  with  10WO  valcm stabili~.iiig  ions such  as  h4g,2”{

or IJi+ in the spine] h]ock is almost mlainly  a ttlcr[llwiyliali~ically stab]c phasu

at the tcmpcraturm at which a potassiuln AM’J’}{C: woul(i bc INN useful (800”

K to 1100 K). I 11, 2.S ] ‘J’tm up~wr tt”.lnpcratllrc range of its stability is not

known pxiscly, but isthmg,ht to bclowcl tllatl that of s~)illcl t)lock sttibilimd

sodium beta’’-alumina, which is a~q]arclltly stal)lc at IIip,ll N’alo activity up to

>1900  K. [ 11, 13, 14, 16, 24, 26-28] ‘1’here is, howcwcr , some disl)arity  in

I\ ASIMVT.kW2,  RhW,  AK, hlAR ?



I

t h e  mulls of studic.s o f  the  s tab i l i ty  of scxlium bcla’’-alumina at IIig,h

tmpmturc.s.  I 26,27 ] Most studies of potawium aluminate. phases have

invcs[iga(cli  the simpler ternary K-Al-0 systcm, and liltle wm’k oJl spine]  block

stabilimd materials has berm rcporkxl. [ 11, 29, .30, 31, 32., 33 ] Work in our

laboratory has shown that the tcmpcrat urc ref,imc  at which staljilizcd  potassium

beta’’-al[lmina bcconws  unstable  with nxpmt  to loss of KZC) is about 1400 K in

KC1 vapor and about 1900 K at hi~h K@ and Q activities. “1 ‘flis  ppr pr~vi(~es

evidcncc for the prolcmgc41  kinetic stability of stal)ilizcd potassium beta’’-al umina

at 1200 K, and supports a hypothesis of the thcrmcxlynan~ic stability of both

sodium ancl potassium beta’’-alumina at ])1 essurcs of O. 1 to 3.0 Pa alkali metal

vapor at 1150 and 1200 K respect ivcl y.

ICX l)Itf{l M ENTA1 .

Cylindrical 1 i+ -stabilized Na-llAS}i tube.s nonlillally  15 mln in dianmtm with a

] mm wall thickness were obtaincxi fJcml Ccranlc.tm,  ]IIC, Salt ] akc City, ~lrl’.

Similar Na-llASl i tubes 15 mm or 25 mm in fiianmtc.r, we.rc. exchanged with

KC] vapor at 1425 K in vacuum or at 1625 K with KC] vapm in a K-llASli

powder bci in air at 1 atm. “1’hc two K-IIASI ~ exchan~,c ~u omscs produced

somewhat dissimilar cxmmics and thmc will bc idcnt i ficd as K-IIAS};(1425) and

K-11AS11(1625).

J\ ASIKCiV1’.RW2,  J?hfW, AK, h4AR



ljour thin film mtal clectrodm, shaped as cithcv rings or patches with areas

from about 4 mm? to about 5 cm?, were deposited cm Na- aid K-DASli tube

sc~ticms. Rh3W clcclrodcs were deposited on Na-IIASli using a photo]ytic

chemical vapor dcpmition process. S p u t t e r -  d e p o s i t e d  hfo fil Ins were  USM1 a s

electrodes on K-IIAS1 i. 1 electrodes were contacted with h40 or Ni meshes tied

OJ) with Mo leads and were scpamtcd by Icgicms  of uncoated 1 IAS1 i. I Mails of

the W/Rh photolytic  deposition process, the. K- BASE cxchaligc process, and

AMTJIC clcctrodc. studies are presented else.whe.j c. [ 6-8, 25, 34 ]

Sodium and potassium were obtained as regent grade metals un(icr  argon, and

were purified by heating the ]iquicl metal with pieces of Na- BASI i and K-13ASI{

respectively, and filtering the liquid mc.tal  through sequelitial  7~Ln~ and 2.pn~

stainless steeJ fil tcrs. ‘I”his technique removes particulatcs  and lowers the

contanliJ]ation  level  of t h e  a l k a l i  metal  by Ca, w h i c h  d i s p l a c e s  t h e  a l k a l i  a n d

r e d u c e s  t h e  c e r a m i c  c o n d u c t i v i t y  y . “1’hc v a p o r  pI e.ssure o f  t h e  a l k a l i  Jnctal  w a s

c a l c u l a t e d  u s i n g  cstabl  i shed cxprcssioJ~s  for the sat uratcd  v a p o r  prmurc  a b o v e

the liquid at the cold end and correcting for atomic velocity change duc to the

temperature diffcmmw bet wcen the pool region and the elect 101 ytc region. [3S-

38]

‘J’hc test apparatus, shown in Fig. 1 was a stainless steel tube with fecdthroughs

for leads, thcrmocouplcs,  pump out, algon tmckfill, and intloducticm of a

IIASFSGV1’.RW2, RMW, AK, MAR 4



controlled quanlit y of alkali mtal, Samples were nmuntcd on ti central support

tube with a-alumina standoffs over a Mo foil wral).  1 ilectric~l leads and shielded

type K thermocouples were insulated with a-alumina tubinp, inside the test

apparatus. lhall y, refractory metal foils (Zr, Mo, ‘l’a) wc.re. inserted inside the

stainless stcd t ubc for get tcring and protection of the sa mplcs from high vapor

pressure components of the steel. “1’he entire asscmbl y was wc.ldezt shut, ‘l-he

small gaps bctwem the outer ste~l fcdthroughs md a-alumina insulators were

hermetically scalc41 with a slow setting epoxy (Iipvxi-Pate.h”), ‘1’hc apparatus was

set up with a pool of alkali metal at onc cnd of the tube. asscmbl y. ‘1’hc

tcmpcraturc of the pool was controlled with heating tapes to tcmpcraturcs up to

600 K, and the tcmpcraturc nmasurcd with a thcrnmcoup]c in contact with the

pool. The assembly was placed in a tube furnace with the alkali metal end

projecting out of the furnace; clcctrolytc tcmpcr~turcs Np to 1400 K with only

small gradients across the samples could be achieved.

Conductivitics of the JIASI i samples were nwisured in a four probe.

configuration by ac and dc texhniqucs. Conductivity was measured using two

equipment set-ups. in one., a Solarlron 1286 and 12S5 frcquc.ney anal yz.cr and

clcztrochcmical interface with a digital voltmeter controlled by a IIIM X’1’

computer were used to measure the conductivity by elect roclmmical i mpcdancc

spcct roscopy, in the other, a PAR 1 “/3 potclltiostat/galvanostat  was used in

galvanostatic  mode, with a PAR 175 universal programnm and a I’Al? 176

BASF.SGVT,RW2,  RMW, AK, MAR 5



current  fo l lower .  In  the  l a t t e r  cmc,  a  s l o w  t r i a n g u l a r  c u r r e n t  sip,nal  w a s  i m p o s e d

betwcm  the outer pair of c.lcctrodcs  with the 176 output monitorcxl by on the

x channel of an }lewlctt-Packarcl  7047A x-y rccmdcr and the potc.ntial bet wem

the inner pair of electrodes dirccil y monitored by the y cha]ilwl. Alkali vapor

pressures from 0.1 to 3.0 Pa and signal amplitudes generally less than 25 n~V

were used in the reported nmasurcmnts; ohmic I)chavim was maintainui over

large ranges of tmpcrature  at the solid clcctrolyle.

. . . . . .

Electrolyte samples were held at the specified temperature bul conductivity and

other nwasurcnmnts were made pcriodicall y as the tmpcmt  urc was cycled.

Computed exposure tinw exclmlcs time at temperatures more than SO K lower

than the reported exposure tcmpcrat m. “1’here were several periods of stand at

much lower tcmpcraturcs (775 - 875 K); conductivity was unaffcckxl by cooling

and reheating.

After the samples were held at high tcmpcralurc for 15S0 hours (Na-RASl  }) and

600 hours (K-JIASI L), the low tcmpcratum cnd of test ccl] was cooled to room

temperature for several hours to drive alkali metal inclusions/defects from the

electrolyte samples; the test apparatus was then cooled to worn tempcmture,

filled with argon, and cut open. X-ray diffraction measulcmc.nts  on K-BASE

were performed before and after the test.

JIASFSGVT.RW2,  RMW, AK, MAR



RKSUI:J’S ANJ) DISCUSSJON

Measured conductivities of Na-BASIi and K-BASE were analyzed with respect

to electrolyte tcmpcmturc, ambient alkali metal pr~:ssure, and clap.scd time at the

high temperature. Conductivities were measured over a lar:,c

alkali metal pressures. It was found that very low pressures

gave rise to non-ohmic responses. Furthermore, high

range of ambient

(<<O.l Pa)

potassium pool

temperatures resulted in reduced conduclivities  as

increased; likcwi sc low sodium pool temperature es

impurity sodium pressures

resulted in high potassium

impurity pressures and reduced measured sample conductivities. ‘J’hc latter effect

begins below 0.5 Pa sodium pressure, but the effect is significant only below

0.3 Pa sodium pressure.

7he Conductivity of NQ-13ASE

‘l’he conductivity of Na-BASR was unaffeck-d by ambient sodium vapor

pressures bctwccn 0.3 an(i 2.0 Pa; data taken over this pressule  range have been

used in the determination of the temperature and time dcpendcncc of Na-BASE

conductivity, shown in Figs. 2 and 3, The temperature dcpendcncfi of Na-BASIi

conductivity from 1000 K to 1200 K, also shown in Hg. 2, was found to vary

systematical y over only about 5%, and conduct ivities measured at temperatures

from 1028 K to 1201 K were used to evaluate tllc time dependence of Na-IIASIi

BASFSGVT.RW2,  RMW, AK, MAR 7



conductivity. ‘1’hm-e was no apparent change in the activation] energy of Na-

BASFi conductivity with time. The high temperature activation energy of Na-

IIASli, 0.067 eV, was determined from the plot in Fig,. 2. It is significantly

smaller than the value of 0,115 eV reported in 1979 by Cole.,  Wcbcr, and }lunt

on Ceramctec Na-BASE, although the magnitudes of the high temperature

conductivity arc similar. [ 15 ] Cerametec has changed its processing procedure

in the intervening time; this change may be responsible for this difference in

Na-BASIi ceramic conductivity.

The data taken early in the test, shown in the inset of Fig. 3, were measured

galvanostatically and indicate that the them is a small dcercase in the magnitude

of the conductivity in the first hundred hours at high temperature. Data points

from later in the test were generally detcrminai from the low frequency limit

of the impedance response, and displayed greatel scatter

dcpcndcnce over 1450 hours. Previous X-ray diffraction

BASli has indicated that no significant degradation of

and no systematic time

(XRII) analysis of Na-

thc sodium @“-alumina

occurs following cycling from 300 K to 1273 K and back in vacuum. [ 10, 39,

40 ] Several very weak peaks appeared in the Na-llASE diffraction pattern

following Xl{l) measurements at 1273 K in vacuum for about 5

were not j?-alumina peaks, and could not be rcliab]y assignrd.

Na-BASI 1 appcarext free of p-alumina by XRD both before and

hours, but they

[ 40, 41 ] The

a f t e r  c y c l i n g  t o

high temperature.

BASESGVT.RW2,  RhfW,
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l% Cordiicihiry of K- BASE

Higher potassium pool temperatures resulted in systematically higher measured

elect rol ytc conductivities, but there was little ten lperature dependence bet wecn

0.1 and 3.0 Pa. The concluctivities  of K-BASE(1425) and K-BASE(1625)

electrolytes were measured with respect to temperature at nearly constant

ambient potassium pressure on initial heat-up, afte.1 50, 12(1, 3(0 and 500 hours.

No 300 hour data point for the 1425 K electrol ytc was included because a lead

had shorted to ground during the measurement. ‘J’he temperat urc dependence at

each time was fit to the Ncrnst-13instein equation. [ 42 ] The conductivity at

1000 K was calculated from the fit to the data and plotted against time, as

shown in Fig. 4. The. ecmcluctivity of both samples decreased over the first 100

hours and then slowly rose with time. “J’he activation energy for conductivity y

after the initial 100 hours was determined to be 0.267-0.28 CV for both samples,

as shown in hlg. 2. The high temperature activation energy for K-BASE(1425)

increased with time for the three samples rneasul ed, while the activation energy

for the K-BASE(1 625) decreased slight] y. The conductivity at T> 900 K was

always higher for the 1625 K material than for the 1425 K material. The K-

BASII(l 425) activation energy deereases durin:, the same time period that the

overall conductivity

The majority phase

drops and shows little change from 120 to 500 hours.

in both 1425 K and 1625 K ceramics remains ~ “-alumina,

indicated both by the high conductivity y and the XRI ) pattern. XRD of K-

13 ASE-SGVr.RW2,  RMW, AK, MAR 9



BASIi(1625) ceramic surfaccs before and after thctest showed that there was a

increase in the minority p-alumina phase, from 1 -2$Z0 to 3-4 %. The limited

formation of the beta phase almost certainly occurred transiently and

coincidentally with the initial conductivity drop, and in limited regions of the

ceramic, since its continuous formation in the bulk ceramic would have resulted

in a continuous drop in conductivity of the K-BASE. Bezausc formation of the

beta phase as a thin surface phase would have little effect on the four-probe

conductivity measurement, we believe that the beta phase is formed at the grain

boundaries, possibly via KZO loss from KAIOj initially present at the grain

boundaries, and concomitant void formation. The slow increase in conductivity

may be due to voids collapsing at the Srain boundaries. Information of a very

thin surface film is not ruled out, but because XRD samples the surface

preferentially, a thick layer of the beta phase would have dominated the XRD

pattern. It is fairly well established that commercial Na-BASli has NaA102 at

the grain boundaries, and the aluminate phase is refractory enough to persist

through the ion exchange process. [ 43 ]

‘l’he activation energy is similar to that of sinp,le crystal potassium p-alumina

(0.28 cV), although the K-BASE conductivity is sevelal times higher than that

of single crystal K-p-ahlnlina and possibly 20-50 times higher than the

conductivity of K-p-alumina ceramic extrapolated to similar temperatures. [ 11,

14, 16, 23 ]

HASLSGVT.RW2,  Rh4W, AK, MAR 10



The pm-exponential and activation energies uscxi to fit the high temperature

eonductivities  of the Na-IIASb;  and K-BAS1 i elect] olytes are given in ‘l’able 1.

The decline in conductivity at the beginning of the tests was fit to an

exponential function. The time constant (7 ,,,) fol Na-IIASli, is 44 hours, using

on] y the galvanostaticall y controlled dc measurements from the first 100 hours

of test. The time constant for K-~AS13 is 37.5 hours, using the values of the

conductivity at 1000 K calculated from the fits of the conductivity/tenlperature

data to the Nernst-13instein equation. Conductivity determined for Na-BASE from

impedance measurements is not included in tile calculation of conductivity

cltzlinc because there were few impedance measurements made in the first 100

hours and because there is substantially less seattcr in the galvanostatic data. Ile

later ac measurements of the conductivity of Nti-~ASl i showed higher scatter

and no significant trend with time, although the avemge value of the

conductivity was higher than the final value at 100 hours given by the fit to the

early dc measurements.

CONCLUSIONS

The activation energy of 1,i+ -stabilized Na-llASl~ at high temperature is similar

to the activation energy of sodium @ “-alun Iina single. crystals at higher

temperatures and is generally consistent with earlier results on Na-BASE ceramic

BASMGVT.RW2, RMW, AK, MAR 11



to 1273 K. [ 15 ] We find conductivitie.s  c~f similar magnitudes but a

significantly lower activation energy at high temperature. It is possible that the

difference is due to a minor change in the sodiuln p-alumina ceramic provided

by Ceramatcc Na-IIASE since 1979, A small decline in conductivity early in the

test may be due to loss of some NazO, with the. conductivity later in the test

either stable or improving at a very slow rate. Tt Ie

very stable after a small initial decline, and there

conductivity decline will limit long term AMTI~C

conductivity of Na-BASE is

is no reason to expect that

operation, At low AMTEC

condenser temperatures, some reduction of the Nfi -BASE conductivity may occur

if the sodium working fluid is not free from potassium contamination and the

ambient sodium pressure in the cold zone is less than about 0.3 Pa.

The conductivity of 1.i+ -stabilized K-BASE at high temperatures (600-1200 K),

after 100 hours at 1200 K, has an activation energy very C1OSC to that observed

for the conductivity of single crystal potassium p-alumina from 298 K to about

700 K. However, the K-BASE conductivity is several times higher than that of

single crystal potassium p-alumina extrapolated to high temperature and much

higher than would be

The grain boundaries

expected for

of K-BASE

without 1.i+, and long exposure at

polycrystallinc potassium p-alumina ceramic.

may be expected to contain K/Al/O phases

test conditions probably results in KZO loss

and ~-alumina formation at the grain boundaries in the absence of a @“-alumina

stabilizing ion. The ionic conductivity of K-BASE equilibrated with potassium

vapor at high temperatures

RASESGVT.RW2, RMW, AK, MAR

is high enough fol its use in efficient potassiutn
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AM’I’l{C devices from 900 K to 1200 K. 1 n the lower part of this temperature

range, it is impor(ant that the potassium working fluid be as f] w from sodium

as possible.
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TABI.K 1. Prc-expcmentials and activation energies from Ncrnst-1 iinstein fit to

high temperature conductivity of Na-BASIi and K-BAS1 i

Electrolyte Sigm% F;a,, Iiac,

K/(ohm-cm) kJ/(mol-K) eV

Na-RASE

t=Ohrs [21] 1.98 X 10s 11.9 .115

t=100-1550 hrs 1.27( 19)x10q 6.50(13) .067( 12)

K-BASE

1425 K #1,2

t=O hrs [ 98 ] 2.89(29)x1 03 1 8.0(8) .1 86(8)

142S K #2

t=100  hrs 3.60( 13)x103 27.0(3) .280(3)

142S K #3

t=O hrs 2.71(77)x1(? 23.7(2.7) .246(28)

t =600 hrs 3.9(1 .2)X103 25.8(2.3) .267(24)

1625 K

t=O hrs 1LO(2.0)X10 3 29.1(1.6) .302( 16)

t= 120-600  hrs 5 .06(34)x 103 26.0(6) .269(6)
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FIGURES

Fig. 1, Schematic diagram of the alkali metal vapor exposure test

chamber.

Fig. 2, Temperature dependence of the conductivity of Na-BASE, K-

BASE 1425, and K-BASE 1625, after >100 hours of exposure

to alkali metal vapor at high temperature.

Fig. 3, Time dependence of the conductivity of Na-BASE,  1028-1201 K,

at 0.3 to 2.0 Pa Nag. The inset shows the initial 100 hours on an

expanded scale.

Fig. 4, Time dependence of the conductivity of K-IIASE at 1000 K,

calculated from fits to conductivity vs. temperature data, at 0.1

to 2.0 Pa Kg.
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